Abstract In situ bioreactive capping is a promising technology for mitigation of surface water contamination by discharging polluted groundwater. Organohalide respiration (OHR) of chlorinated ethenes in bioreactive caps can be stimulated through incorporation of solid polymeric organic materials (SPOMs) that provide a sustainable electron source for organohalide respiring bacteria. In this study, wood chips, hay, straw, tree bark and shrimp waste, were assessed for their long term applicability as an electron donor for OHR of cis-dichloroethene (cDCE) and vinyl chloride (VC) in sediment microcosms. The initial release of fermentation products, such as acetate, propionate and butyrate led to the onset of extensive methane production especially in microcosms amended with shrimp waste, straw and hay, while no considerable stimulation of VC dechlorination was obtained in any of the SPOM amended microcosms. However, in the longer term, short chain fatty acids accumulation decreased as well as methanogenesis, whereas high dechlorination rates of VC and cDCE were established with concomitant increase of Dehalococcoides mccartyi and vcrA and bvcA gene numbers both in the sediment and on the SPOMs. A numeric simulation indicated that a capping layer of 40 cm with hay, straw, tree bark or shrimp waste is suffice to reduce the groundwater VC concentration below the threshold level of 5 μg/l before discharging into the Zenne River, Belgium. Of all SPOMs, the persistent colonization of tree bark by D. mccartyi combined with the lowest stimulation of methanogenesis singled out tree bark as a long-term electron donor for OHR of cDCE/VC in bioreactive caps.
Introduction
Contamination with chlorinated aliphatic hydrocarbons (CAHs) poses serious threats to groundwater quality in industrialized countries (Abelson 1990 ). In case of limited attenuation in the aquifer and riverbed sediment, discharges of CAH contaminated groundwater into surface water systems present an additional environmental concern (Hamonts et al. 2009 ). In situ capping is a promising technology for reducing the exposure of biota present in the surface water column to contaminants present in or leaking from the sediments. Passive in situ capping is achieved by isolating the contaminated sediment through coverage with clean material media, such as sand gravel and clean sediment (Go et al. 2009 ). Such barriers are based on physical separation and are especially useful for containment of sediments contaminated with strongly sorbed hydrophobic pollutants. They are, however, not effective for mitigating contamination of the surface water by discharging groundwater plumes containing mobile persistent contaminants (Himmelheber et al. 2007 ). An innovative alternative in situ capping technique that addresses particularly sites affected by mobile contaminants is active capping, a technology that aims at sequestering or transforming contaminants that are easily released from the sediment (Himmelheber et al. 2011; Knox et al. 2008; Reible et al. 2006) . The focus in the development of reactive caps has been on the application of physicochemical processes for contaminant removal, primarily by retarding the contaminants through sorption. The drawback of this approach is that the risk to human and environmental health returns once the capping material is saturated (Sun et al. 2010) . Therefore, recent developments in active sediment capping include the in situ bioreactive capping approach in which the capping layer hosts and stimulates microbiota that can degrade the pollutants (Himmelheber et al. 2011) .
A major biological process that contributes to biodegradation of CAHs is organohalide respiration (OHR). In this process, specific bacterial groups such as Dehalococcoides mccartyi use in most cases hydrogen as electron donor for respiration on CAH, which results in their dechlorination. Well known examples are the stepwise dechlorination of the groundwater pollutants tetrachloroethene (PCE) and trichloroethene (TCE) to ethene through cis-dichloroethene (cDCE) and vinyl chloride (VC) (Smidt and de Vos 2004) . OHR is stimulated by the addition of a substrate that is converted by fermentation into a suitable electron donor. Stimulation of OHR of CAHs in bioreactive caps can as such be achieved by incorporation of suitable solid polymeric organic materials (SPOMs), which allows a long-term slow release supply of electron donors, including H 2 . However, other H 2 consuming anaerobic organisms like sulfate, and ferric ironreducing bacteria, homoacetogens and methanogens will compete with organohalide respiring bacteria (OHRB) for the produced H 2 . In particular, methanogens are considered unwanted and main competitors of dehalogenating microbial guilds, such as D. mccartyi due to their exclusive dependence on reducing equivalents such as H 2 and acetate (Smatlak et al. 1996; Wei and Finneran 2013) .
Although the application of SPOMs as a slow release electron source for biostimulation of reductive dechlorination has been reported (Brennan et al. 2006; Kassenga et al. 2003; Vera et al. 2001; Wu et al. 1998 ), this has not been related with the microbial ecology of such systems. For instance, it is not known how the presence of SPOMs affects the microbial community and especially OHRB, such as D. mccartyi, as the main mediators of CAH degradation, and methanogens as the main competitors of OHRB for reducing equivalents. Moreover, information on whether these species are colonizing the capping material and in particular the SPOMs, is lacking. In this study, the long-term potential of five different solid organic materials as electron donors to stimulate reductive dechlorination of cDCE and VC was evaluated. The SPOM materials were chosen from waste products with the dual aim of stimulation of reductive dechlorination and waste recycling. We hypothesized that different SPOMs will result in different degradation patterns and stimulation of D. mccartyi and methanogens. SPOMs were introduced into sediment microcosms prepared from the Zenne river-bed sediment that were impacted by discharging VC/cDCE polluted groundwater. The sediments have previously been shown to contain VC/cDCE OHRB, including D. mccartyi (Hamonts et al. 2012; Atashgahi et al. 2013) . The intermediate short chain fatty acids (SCFAs) formed during the hydrolysis/ fermentation of SPOMs were identified, and their impact on the abundance of D. mccartyi and the genes involved in CAH respiration, archaea and methanogens in the sediment and on the SPOMs, were quantified by quantitative PCR (qPCR). Finally, the efficiency of the different SPOMs in stimulating VC dechlorination when installed at the Zenne site as a 40-cm capping layer, was evaluated in silico using a 1D numerical model.
Materials and methods

Materials
River-bed sediment samples were taken from the Zenne River in Machelen-Vilvoorde, Belgium in May 2010 at a site that has been previously described (Hamonts et al. 2009 ). At that site, a VC/cDCE contaminated groundwater plume of approximately 1.4 km width flows in the northwestern direction into the Zenne River (see Fig. S1 ). The sediment samples were obtained from the top 80 cm river-bed sediment at the post 25 location. Groundwater was obtained from the SB2 groundwater extraction well near the right river bank (Fig. S1 ) as outlined by Hamonts et al. (2012) . The SPOMs used were wood chips, hay, straw, tree bark, and shrimp waste containing 48 %, 42 %, 46 %, 40 %, and 38 % carbon, respectively, and 0.07 %, 0.44 %, 0.09 %, 0.28 %, and 8.94 % nitrogen, respectively.
Sediment microcosm set-up
Microcosms were prepared in 160-ml glass serum bottles containing 20 g wet and well-mixed sediment obtained from the top 80-cm depth of Zenne riverbed, 70 ml of groundwater and a particular SPOM. All the preparations were performed in an anaerobic glove box (Don Whitley Scientific Ltd, West Yorkshire, UK) under N 2 atmosphere. The amounts of SPOM added to the microcosms were different for each SPOM, but were chosen as to obtain an equal amount of initial dissolved organic carbon (DOC) in all set-ups. To determine this, in a preliminary experiment, 1 g of each SPOM, cut into pieces of 4-5 mm, was incubated at room temperature on a shaker (50 rpm) in 100 ml of groundwater in 500-ml glass vials. After 1 and 8 h of incubation, samples were taken and analyzed for the DOC concentration. Afterwards, based on the DOC release from wood chips that was used as the reference, the amount of each SPOM was chosen. The SPOMs were placed into non-sorptive and permeable membrane pockets made from polyamide membrane 49 PA 6/5 (Hendrickx et al. 2005) and introduced into the corresponding sediment microcosms in duplicate. All bottles were sealed with Teflon-lined butyl rubber stoppers followed by addition of 70 μl VC (equal to 5.5 μmol/bottle) and incubated at room temperature. Time course liquid samples were withdrawn and filtered over a 0.45-μm filter for DOC/SCFA measurements. After degradation of the first VC spike, microcosms were flushed with N 2 followed by a second VC spike at identical initial concentration. After three consecutive additions of VC, cDCE (3 μmol/ bottle) was added to microcosms and its degradation was followed for another three consecutive cycles, unless otherwise stated. To study longevity of SPOM effects, the polyamide bags were replaced with new bags containing fresh SPOMs, and the microcosms were used for long-term cDCE degradation. Each time when cDCE was degraded, the microcosms were flushed with N 2 and cDCE was replenished.
Sampling for molecular analysis and DNA extraction Before the initiation of the experiment, approximately 0.5 g of each SPOM was used for DNA extraction in duplicate. After dechlorination of the third VC spike, the sediment microcosms were decapped in the anaerobic glove box. The polyamide bags containing the SPOMs were opened and few pieces of SPOM were withdrawn from both replicates. The SPOMs were washed with sterile water to remove sediment particles and used for DNA extraction. Afterwards, the bottles were capped again, mixed thoroughly, opened and approximately 2g slurry samples were withdrawn from all duplicate microcosms. The same procedure was followed at the end of the third cDCE spike and at the end of the long-term cDCE dechlorination cycle. DNA was extracted from the samples as described previously (Hendrickx et al. 2005 ).
Quantitative PCR
Real-time qPCR targeting bacteria, D. mccartyi, and reductive dehalogenase genes vcrA and bvcA was performed as described by Atashgahi et al. (2013) . qPCR targeting archaea and the methanogenic families Methanosarcinaceae and Methanosaetaceae was performed using primers previously described by Yu et al. (2005) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA). All primer sets used in the different qPCR assays are given in Table S1 . The reaction mixture of 20 μl consisted of 10 μl of GoTaq® qPCR Master Mix (Promega, Madison, WI, USA), 3.5 μl of nuclease-free water and 0.75 μl of each primer (final concentration of 375 nM) and 5 μl of template DNA. The qPCR program consisted of a predenaturation step of 10 min at 94°C, followed by 40 cycles of 10 s at 94°C and simultaneous annealing and extension for 1 min at 60°C. All DNA samples were analyzed in triplicate. The ratio of D. mccartyi as compared to total bacteria was estimated by dividing the number of D. mccartyi 16S rRNA gene copies by the copy number of bacterial 16S rRNA genes multiplied by 100. The ratios of D. mccartyi to archaea, archaea to bacteria, vcrA to D. mccartyi, and bvcA to D. mccartyi were determined in the same way.
Model development
The efficiency of the different capping materials when installed at the Zenne site, was evaluated in silico by means of a 1D numerical model using PHREEQC (Parkhurst and Appelo 1999) . The model consists of 75 cells with a cell size of 2 cm to describe 10 cm of aquifer, 1 m of sediment and a capping layer of 40 cm. The site has been monitored intensively regarding CAH concentrations and temperature values in the sediments, and those results were used in the model (Hamonts et al. 2012; Ebrahim et al. 2013 ). The domain is characterized by a Darcy velocity of 2 cm/day and a small dispersivity of 0.1 m. An average measured groundwater temperature of 12°C was used for the simulation. The influent cDCE and VC concentrations were set at 22 and 1,222 μg/l, respectively, which correspond to the largest concentration measured at the bottom of the sediment during the entire monitoring period. First-order degradation rates for cDCE and VC in the aquifer were obtained by calibration to observed concentrations. The degradation rates in sediment and in the capping materials were obtained by linear regression of concentration time series in batch experiments at 12 and 20°C, respectively. The observed degradation rates were recalculated to 12°C using the Arrhenius equation assuming that the rate is halved with a temperature decrease of 10°C (Table S2) .
Analytical methods
Total mass of CAHs, methane, ethene and ethane were quantified by means of gas chromatography (GC) in a GC apparatus equipped with a flame ionization detector (FID) as previously described (Atashgahi et al. 2013) . DOC was determined from samples as the difference between total dissolved carbon and dissolved inorganic carbon, measured with a Shimadzu TOC-5000 analyzer with ASI-5000 auto-sampler. Total Nitrogen was detected after all particulate carbon was removed by filtration (pore size 0.45 μm). Carbon and nitrogen content of the SPOMs were determined using a Carlo Erba EA1110 elemental analyzer, using acetanilide as a standard as reported by Nieuwenhuize et al. (1994) . SCFAs (C2-C5) were analyzed in ether extracts from aqueous solutions using a GC equipped with a FID as previously described (Calli et al. 2008) .
Results
A minimum DOC value of 60 mg/l was previously reported to be required to support dechlorination of 23 μM PCE beyond DCE in microcosm studies (Lee et al. 1997) . Therefore, the amount of DOC released from different SPOMs as a source of carbon and electrons after 1 h of incubation in ground water was assessed in this study (Table S3 ). Wood chips released 50.4 mg/l of DOC, which was in the middle range of the released DOC from SPOMs and therefore was used as a reference. To reach equal initial DOC values, 1, 0.173, 0.725, 3.33, and 1.37 g of wood chips, hay, straw, tree bark, and shrimp waste, respectively, were added to microcosms. After the first VC spike, microcosms amended with tree bark and shrimp waste showed the shortest lag phase (around 7 days) and high initial degradation rates ( Fig. 1 ). Microcosms amended with straw and wood chips showed the longest lag phase of 28 days after which high VC dechlorination rates were established in both microcosms (Fig. 1a) . Although dechlorination was also observed in microcosms that were not amended with exogenous electron donor, addition of SPOMs in general led to three to four times higher degradation rates compared to incubations without SPOM (Table S4) . After the second VC spike, dehalogenation started immediately with pronounced rates of VC dechlorination, with highest rates observed in microcosms amended with tree bark and shrimp waste (Table S4) . Accordingly, complete VC removal was obtained within 14 days. The produced ethene was further reduced to ethane in microcosms containing hay, straw and tree bark (Fig. 1c ). An identical trend was observed after the third VC spike with the exception of microcosms amended with wood chips, as those apparently lost their stimulatory effect (Fig. 1a) .
The stimulation of CAH dechlorination by SPOMs remained evident after VC was replaced by cDCE as the target CAH (Fig. 2a) . The microcosms amended with hay, straw, and tree bark sustained high rates of cDCE dechlorination for three consecutive spikes (Table S4) , with no accumulation of VC (Fig. 2b) , and dechlorination proceeded to ethene (Fig. 2c ) and eventually to ethane (Fig. 2d) . In contrast to these microcosms, the microcosms amended with shrimp waste showed intermediate degradation rates in all cDCE spikes, whereas wood chips amended microcosms did not show stimulated cDCE degradation as compared with the unamended microcosms.
During hydrolysis and fermentation of organic matter released from the different SPOMs, different profiles and amounts of SCFAs were produced (Fig. 3 ). Microcosms amended with shrimp waste showed the highest accumulation of SCFAs, followed by straw and hay. Acetate showed the highest concentration with a peak at day 14, followed by propionate and butyrate. Propionate production was exceptionally high with an increasing trend until day 60 in the microcosms amended with straw reaching above 6 mM (Fig. 3b) . Production of other SCFAs such as isobutyrate, valerate, isovalerate, caproate and isocaproate was negligible (data not shown). Overall, the SPOM amended microcosms showed maximum accumulation of SCFAs (and DOC; Fig. S2 ) during degradation of the first VC spike.
No substantial methane production was noticed in the first 14 days of the experiment. However, between days 14 and 60, methanogenic activity increased, leading to 171, 152, and 112 times higher methane production values in microcosms amended with shrimp waste, straw and hay, respectively, as compared with natural attenuation, while this ratio was only 28 in microcosms amended with tree bark (Fig. 4) . After the first spike of VC was consumed at day 60, regardless of the SPOM, the concentration of SCFAs (Fig. 3) and DOC ( Fig. S2) decreased steadily until day 100 (end of the third VC spike), concomitant with a sharp decrease in methanogenesis (Fig. 4) . Accordingly, after day 100, when VC was replaced with cDCE as target CAH, a dramatic decrease in methanogenesis was noticed in all microcosms (Fig. 4) , while still high cDCE dechlorination rates were sustained in microcosms amended with straw, hay and tree bark (Table S4 ). It is likely that the initial fast release of easily degradable materials led to extensive methanogenesis, while long-term incubation appears to confine methane production without affecting dechlorination rate. This hypothesis was further tested by a second round of SPOM addition into the microcosms and by following cDCE dechlorination cycles for a period of 1 year. During that period, 23-72 % of the total methane produced in all of the SPOM amended microcosms was formed during the first cDCE spike (Table 1) and was concomitant with a high SCFA/DOC production (Fig. S3) . While methane production decreased over time, cDCE degradation rates were sustained in microcosms amended with the lignocellulosic materials hay, straw, and tree bark. This indicates that these SPOMs do not become more recalcitrant over time and that their slow degradation maintains sufficiently reducing and nutrient-rich conditions to promote reductive dechlorination (Table 1 ). In contrast, extensive degradation of shrimp waste appeared to cause depletion of fermentation intermediates in a shorter time period leading to diminished cDCE degradation compared with the lignocellulosic 
New SPOMs were amended to the corresponding microcosms at the beginning of the experiment a Degradation rates obtained by linear regression of concentration time series in batch experiments b Methane proportion for each condition obtained by dividing the amount of methane produced at the end of each spike to total amount of methane produced during long-term repeated batches c No cDCE spike was performed materials. Straw-amended microcosms degraded the highest mass of cDCE with the highest degradation rates. However, the ratio between the amount of methane and ethene + ethane produced was 101.73 μmol/μmol in these microcosms, while this ratio was only 8.01 in microcosms amended with tree bark (Table S5) .
Dynamics of biomarkers
qPCR was performed to quantify the number of 16S rRNA gene copies of total bacteria, archaea, Methanosarcinaceae, Methanosaetaceae and D. mccartyi, and functional genes associated with reductive dechlorination of VC (vcrA and bvcA), to assess the dynamics in the population sizes of microbial guilds involved in OHR and methanogenesis in the sediment and associated with the SPOM materials. At the end of the VC dechlorination cycles, the 16S rRNA gene copy numbers of bacteria (Fig. S4 ) and archaea ( Fig. 5 ) increased in all microcosms, and in particular on SPOM materials, where their abundance increased generally more than two orders of magnitude. Although growth of D. mccartyi was also noticed in the non-amended microcosms, addition of lignocellulosic material led to a higher relative abundance of D. mccartyi 16S rRNA gene copies (D. mccartyi/bacteria), especially in the microcosms amended with tree bark where this ratio was 21-fold higher compared with non-amended microcosms (Fig. 6a, Table 2 , end of the third VC spike). An identical trend was noted for the relative abundances of the VC reductive dehalogenase-encoding genes vcrA and bvcA (Figs. S5 and S6) and their ratio over D. mccartyi (Table 2 , end of the third VC spike), which was the highest in both the sediment slurry and on SPOM samples withdrawn from the microcosms amended with tree bark.
At the end of the third VC spike, the ratio of archaea/ bacteria was lowest in both sediment slurry and on SPOM samples in microcosms amended with tree bark (Table 2 , end of the third VC spike), which was in line with the lowest methane production in these microcosms (Fig. 4) . In contrast, the ratio of archaea/bacteria was the highest in the sediment slurry samples from microcosms amended with shrimp waste (Table 2 , end of the third VC spike), which is in agreement with the highest methane production in these microcosms (Fig. 4) . The apparent extensive growth of archaea in the microcosms amended with shrimp waste (Fig. 5a ) resulted also into the lowest ratio of D. mccartyi/archaea (Table 2 , end of the third VC spike). However, due to the degradation of shrimp waste, no SPOM could be sampled to study the localization of the target biomarkers on shrimp waste. Among the lignocellulosic materials, microcosms amended with wood chips had the lowest ratio of D. mccartyi/archaea (Table 2 , end of the third VC spike), which is in line with the lowest degradation rates observed in these microcosms (Table S4) . At the end of the cDCE degradation cycles at day 200, among the amended microcosms, the D. mccartyi/archaea ratio was the highest in sediment slurry and on SPOM samples in the microcosms amended with hay and tree bark, although it should be noted that this ratio was the highest in sediment slurries of unamended microcosms (Table 2 , end of the third cDCE spike). The abundance of archaea (Fig. 5a ), Methanosarcinaceae ( Fig. S7a) and Methanosaetaceae 16S rRNA gene copies (Fig. S8a ) decreased more than one order of magnitude only in the sediment slurry of the microcosms amended with shrimp waste. Nevertheless, due to the concomitant decrease of bacterial 16S rRNA gene copies (more than 2 orders of magnitude), the ratio of archaea/bacteria was still the highest in the sediment slurry of the microcosms amended with shrimp waste (Table 2 , end of the third cDCE spike). The ratio of archaea/bacteria increased more than 20-fold in both sediment slurry and on SPOM samples withdrawn from microcosms amended with straw (Table 2 , end of the third cDCE spike), which was due to further proliferation of archaea in these microcosms (Fig. 5) , which relates to the continuous production of methane by the end of the third cDCE spike (Fig. 4) .
At the end of the long-term cDCE degradation experimental period, the microcosms amended with tree bark had the highest ratio of D. mccartyi/archaea and the lowest ratio of archaea/bacteria in both sediment slurry and on SPOM samples (Table 2 , end of the long-term cDCE spikes). Microcosms amended with wood chips on the other hand showed the lowest ratio of D. mccartyi/archaea and the highest ratio of archaea/bacteria among the lignocellulosic materials.
Prediction of reactive transport of CAH in in situ caps
The degradation rates of cDCE and VC that were obtained in this study compare well to the range of values reported in the literature with the exception of cDCE degradation using chitin as reported by Brennan et al. (2006) (Table S2) . A simulation of the reactive transport in the hyporheic zone with the presented constants showed that VC concentrations above the threshold of 5 μg/l would discharge in the surface water if no additional measures are being taken (Fig. 7) . In the case of a pore water velocity of 5.4 cm/day, a capping layer of 40 cm using hay, straw, tree bark or shrimp waste as SPOMs would suffice to bring the VC concentration below the threshold level. 
Discussion
We examined whether SPOMs can be incorporated into bioreactive sediment caps to stimulate bioremediation of CAHcontaminated sediments by means of OHR, and whether the channeling of reducing equivalents to methanogenesis can be of technical and environmental concern. This was achieved by studying the effect of the presence of SPOMs on reductive dechlorination of CAHs and the dynamics of OHRB and methanogenic archaea in sediments that have been previously exposed to CAH contamination.
During the first 2 weeks, extensive accumulation of SCFAs (Fig. 3) and DOC (Fig. S2 ) was noticed in SPOM containing microcosms, which could be due to direct release and fermentation of sugars, amino acids, and proteins (Robinson-Lora and Brennan 2009). The observed accumulation of SCFAs was likely due to the initial low numbers of SCFA consuming microorganisms, such as Methanosarcina (Fig. S7) as the main acetoclastic methanogens (De Vrieze et al. 2012) . This is in line with the fact that no accumulation of methane as the product of methanogenesis was noticed in this phase. Another reason for such a delay in onset of methanogenesis might be the dominance of iron and sulfate reduction which typically takes place during the early stages of anoxic incubations and has been reported in anoxic paddy soil amended with rice straw (Glissmann and Conrad 2000) . Although no accumulation of ethene as the product of reductive dechlorination was noticed during the first 2 weeks (Fig. 1b) , a slight decrease in VC concentration was evident in SPOM amended microcosms which might be due to anaerobic VC oxidation coupled to iron reduction (Bradley and Chapelle 1996) . The onset of extensive methane production at day 14 in microcosms amended with shrimp waste, straw and hay (Fig. 4) was concomitant with a decrease in acetate and butyrate concentrations (Fig. 3) . In contrast, no considerable stimulation of VC dechlorination was obtained in SPOM amended microcosms during this period of high methane production, suggesting dominance of methanogenesis in the early stage of the experiment. The clear stimulation of dechlorination in SPOM amended microcosms after the second and third VC spikes was coupled to a substantial enrichment of D. mccartyi at day 100. Although the ratio of D. mccartyi/archaea in the slurry samples of the unamended microcosms was higher than microcosms amended with shrimp waste, wood chips and even straw (Table 2) , the obtained degradation rates in the unamended microcosms were not sufficient to reduce the VC concentration below the threshold level (Fig. 7) . The fact that D. mccartyi was not detected on the SPOM materials before incubation, and the extensive colonization of SPOM samples by D. mccartyi in the course of the experiment, suggest that the SPOMs can host sediment-born D. mccartyi populations capable of CAH biotransformation.
The sustained high degradation rates during subsequent cDCE addition (Fig. 2) with drastic decrease of methanogenesis (Fig. 4) after day 100 showed that long-term incubation might lead to the dominance of OHRB instead of methanogens. Accordingly, during the long-term cDCE dechlorination experimental period with new addition of SPOMs, confined methanogenesis and sustained dechlorination rates over time especially in tree bark amended microcosms were recorded ( Table 1 ), verifying that long-term incubation favors dechlorinating communities over methanogens. It can be speculated that after the depletion of immediately available easily degradable molecules, such as organic acids and alcohols, with concomitant predominance of methanogens as evidenced by the fact that most methane is produced in the initial phase after SPOM addition (Table 1) , anaerobic degradation of more complex materials, such as cellulose by cellulolytic and fermentative microbes, provide a long-term slow release source of acetate and H 2 , which is sufficient to sustain reductive dechlorination. The success of reductive dechlorination in this phase could be due to the competitive advantage of D. mccartyi over methanogens in conditions of low H 2 fluxes, as based on H 2 half-saturation rate constants, D. mccartyi strains are excellent scavengers of H 2 under H 2 -limiting conditions (Fennell and Gossett 1998) . Hydrogen concentrations were not measured in our experiments, but Brennan (2003) showed that the majority of the total electron donating capacity released during chitin fermentation was acetate while hydrogen represented less than 0.01 %. Accordingly, other reports showed that the major fraction of electron equivalents during fermentation is routed to organic products and not to H 2 (Aulenta et al. 2007; Fennell et al. 1997) , even though the measured concentrations of hydrogen do not necessarily reflect hydrogen consumption rates (Löffler et al. 1999) .
Although straw-amended microcosms showed the highest cDCE degradation rates (Table 1) , the ratio between the amount of methane and ethene + ethane produced was 12.7-fold higher in these microcosms than in microcosms amended with tree bark (Table S5) , while the D. mccartyi population size (Fig. 6 ) and rdh gene numbers ( Fig. S5 and S6 ) were identical in both microcosms, and the ratio of D. mccartyi/ archaea was higher in microcosms amended with tree bark both in the sediment slurry and on the SPOM (Table 2 ). This shows that the major fraction of reducing equivalents from the straw was routed to the production of organic intermediates exceeding the requirement for reductive dechlorination, which can lead to stimulation of methanogenesis and an increase of biochemical oxygen demand in the water. Recently, Wei and Finneran (2013) reported that adding ten times more acetate did not increase the rate or extent of TCE reduction, but only increased methane production. Taking into account that other main SCFAs, such as propionate and butyrate are expected to be converted to acetate, CO 2 , formate and hydrogen by syntrophic microbial communities (Stams and Plugge 2009) , the excess of electron donors will be consumed for methane production, which is unwanted for several reasons.
The impact of methanogenesis is not merely restricted to the consumption of reducing equivalents and production of the greenhouse gas methane. Extensive methanogenesis in situ can also strip volatile CAHs by the formed methane bubbles (Vroblesky et al. 1989; Viana et al. 2007) , compromise the physical stability of the bioreactive cap and as such provide additional pathways for contaminant release (Reible et al. 2006) . Therefore, control of methanogenesis is important to guarantee effectiveness of SPOM-based bioreactive caps.
Taking into account that lignocellulosic materials are agricultural by-products/wastes with little or no economic value, their use into bioreactive caps is interesting for both pollutant degradation and waste load reduction. However, it should be noted that due to differences between SPOMs, site characteristics, and contaminants of concern, the selection of an appropriate SPOM can have critical impact on the success of bioreactive sediment capping technology. As shown here, addition of wood chips did not translate to a better dechlorination, and most of the reducing equivalents produced from addition of straw and hay were channeled to methanogenesis. Our results showed that tree bark is the best SPOM to stimulate CAH degradation in the sediments of the Zenne site. Rapid and persistent colonization of the tree bark by a D. mccartyi community shows that a SPOM-based layer can potentially form a sustainable biotransformation layer in a bioreactive cap in which the release of electron donor and presence of CAHs is coupled with the dehalogenating microorganisms in the same place. The fact that D. mccartyi native to the sediment colonized the SPOM suggests that D. mccartyi eluted from deeper sediment by the upwelling ground water can colonize the bioreactive layer in an in situ application. Previously, localization of microorganisms indigenous to aquatic sediments on the overlaying sand cap material was shown in up-flow column experiments (Himmelheber et al. 2009 ). In conclusion, the results of this study showed that although lignocellulosic materials are promising candidates to be incorporated into bioreactive caps, before embarking into full-scale field bioreactive capping efforts, bench-scale screening of SPOMs is necessary to stimulate the target microbial groups without generating new environmental problems.
